Introduction 43
Polycyclic aromatic hydrocarbons (PAHs) and polybrominated diphenylethers 44 (PBDEs) are two classes of persistent organic pollutants (POPs) that have been 45 monitored in the Great Lakes' atmosphere over the past two decades as part of the 46 International Atmospheric Deposition Network (IADN) program. 1,2,3 POPs are 47 resistant to natural degradation, bioaccumulate, elicit adverse effects on human health 48 and the environment, and undergo long-range transport. 4 Another Great Lakes 49 program has monitored the time trends of POPs in lake trout across the Great Lakes. 5,6 50
The IADN program, with its single master station per Great Lake has been 51 instrumental in understanding time trends of airborne organic contaminants across the 52 Great Lakes region. 53
Yet, IADN has not been designed to understand spatial trends, nor was it 54 designed to determine the trends and cycling of organic pollutants in the waters of the 55 Great Lakes themselves. To be able to answer questions linked to air-water exchange 56 and loadings of POPs to the Great Lakes, spatially resolved air and water 57 measurements are required. The study described here is part of our effort to enhance 58 our understanding of POPs cycling by deploying passive samplers in air and water at 59 numerous sites around the Great Lakes, in this case Lake Superior. Samplers covered a 60 range of sitesurban, remote coastal and open-lake sites across Lake Superior to help 61 discern trends and fluxes. 62
Passive samplers integrate contaminant concentrations over time, representing 63 time-weighted averages over their accumulation period. 7,8 In general, passive-and 64 active-sampler derived concentrations agree within a factor of two to three. 8,9 When 65 using the same passive sampler, in our case polyethylene, in air and water, the 66 compound's air-water activity (or fugacity) gradient can be directly assessed. 10 67
Of the known PAHs, seven are identified as probable human carcinogens. 11 68
PAHs are composed of two or more fused aromatic rings released as the result of 69 incomplete combustion of both anthropogenic (fossil fuels) and natural (biomass) 70 sources. 12,13 They can also result from petrogenic releases (oil spills) and 71 volatilization from polluted soils. 14,15 PAHs are actively emitted to the environment 72 through car exhaust, industrial activity, residential heating, and wildfires, 16 leading to 73 a ubiquitous presence and continued atmospheric deposition across the Great Lakes. 13 74 Likewise, emissions of PBDEs are associated with urban areas due to their 75 presence in consumer and industrial products from which they are continuously 76 released, transported in the atmosphere and deposited. 17,18 PBDEs are brominated 77 flame retardants in widespread use since the 1970s 19 and easily released to the 78 atmosphere because they are not chemically incorporated into polymer matrices. 20 79 They can also be released from low temperature burning, such as waste fires where 80 both PBDEs and PAHs may be emitted. 21 While BDE-209 is easily lost from the 81 atmosphere by wet and dry deposition, 90% of the removal of gas-phase congeners 82 with 2-6 bromines is caused by photolysis. 22 Lower brominated congeners tend to 83 bioaccumulate more than higher brominated congeners and are more persistent in the 84 environment. 19 99 for North American phase out in 2012. 17 PBDEs remain in use in consumer products, 88 industrial applications and landfills, 24 suggesting continued release to the environment 89 and deposition into Lake Superior. 90
The objective of this study was to assess the spatial distribution and 91 environmental cycling of PAHs and PBDEs across Lake Superior. We deployed 92 polyethylene passive samplers (PEs) in the air and water at 19 sites across Lake 93 Superior from April-October 2011 with the aim to (1) enhance the spatial coverage of 94 air and water sampling stations across Lake Superior; (2) determine the concentrations 95 and spatial trends of PAHs and PBDEs; (3) discern their air-water exchange; and (4) where CPEw is the concentration of the POP in the PE when in equilibrium with water 150 (pg kgPE -1 ), and KPEW is the POP partitioning coefficient from water into polyethylene 151 (L kg -1 ). KPEW values were obtained from Lohmann (2012) (2) 154
where ΔHvap is the enthalpy of vaporization (kJ mol -1 ) ( The extent of equilibrium achieved for each compound was determined by 160 fitting the equilibrium of the performance reference compounds and their temperature-161 corrected log KPE values to a model curve derived as 162 % equilibrium = 1e (-(Rs*t)/(V*K PE ))
( 3) 163 where 164
Rs is the (fitted) sampling rate (L day -1 ), 165 t is the sampling time (days), and 166 V is the PE volume (L). 167
Performance reference compound equilibrium was calculated by comparing 168 the concentrations remaining at time t to the concentrations at time 0 (assumed to be 169 equivalent to concentrations in the field blanks). 170
The direction of air-water exchange is determined by the ratio of the 171 equilibrium concentration of the POP in air (CPEa, ng m -3 ) to the equilibrium 172 concentrations of the POP in water (CPEw, ng L -1 ), where a ratio >1 indicates 173 atmospheric deposition and a ratio <1 indicates volatilization from the water to the air. 174
Net air-water fluxes (ng m -2 day -1 ) were calculated by modifying the equation 28 Flux = 175 kol*(CW-CA/KAW) to 176
where kol is mass transfer coefficient (m day -1 ) (see SI page 7) and KPEW is the POP's 178 temperature-corrected PE-water partitioning coefficient (L kg -1 ). Equation (4) (Table 1 ). An urban-rural gradient, as observed in this 189 study, can occur due to particle scavenging near urban sources, precipitation 190 scrubbing, and OH radical degradation. 30,31 PAHs tend to have a strong urban 191 signature from vehicle emissions, power generation plants, and industrial 192 activity. 31,32,33 At some locations, atmospheric concentrations increased with 193 increasing temperature; yet mostly the changes were within the overall uncertainty of 194 the passive sampling (factor of 2; see Table SI 4 and Table SI 10 concentrations were much smaller (see Table SI shipping centers were generally characterized by fossil fuel emissions, total dissolved 288 concentrations of PAHs across most sites were dominated by retene. It is the 289 combustion byproduct of abietic acid, a natural product mainly found in coniferous 290 trees. 32,40 Retene can be produced in urban areas from municipal waste incinerators, 291 tire burning, and incineration of building waste; however, it is primarily emitted by 292 burning wood. 41 Rural households consume about three times more wood than urban 293 homes. 32 It is therefore not surprising that retene accounts for ca. 20-60% of the total 294 PAHs at the northern coastal sites and ca. 40-70% of total PAHs present in open lake 295 waters. Atmospheric retene concentrations typically peak in the winter months when 296 wood is burned for residential heating, but lower-magnitude spikes can occur between 297
April and September due to naturally occurring wildfires. 32 298 Several sites exhibited elevated retene concentrations in both air and water 299 during deployment 3 (August-October) relative to deployment 2 (June-August) 300 ( Figure 2) . Dissolved retene increased strongly at Sturgeon Bay (from 0.92 to 26 ng 301 L -1 ), station 113 (0.13 to 8.3 ng L -1 ), and Station 139 (0.92 to 6.9 ng L -1 ). Because PE 302
sampling was limited to one season, we cannot confirm whether these trends occur in 303 annual cycles or are due to unique events. However, sites with the greatest retene 304 concentrations (Sturgeon Bay and Station 113) were northern and central lake 305 locations, which probably received enhanced retene inputs following elevated forest 306 fire intensity from July -September 2011 northwest of the Lake (see Figure SI The direction of air-water exchange was determined by the ratio of the 334 concentration of an analyte in the PE at equilibrium with the air to the concentrations 335 of the analyte in the PE at equilibrium with the water: 336
Flux direction = CPEa/CPEw (5) 337
Uncertainty propagation indicated that ratios needed to be < 0.14 and >3.9 to 338 determine net deposition or volatilization (see SI page 9). Hence, a ratio >3.9 indicated 339 a higher activity in the air, and therefore, net deposition, while a ratio <0.14 resulted in 340 net volatilization. 341
Net air-water exchange of gas-phase PAHs was generally into the lake near 342 populated or industrialized (point) sources, however fluxes were low at most sites 343 (<1,000 ng m -2 d -1 ) ( Table SI 12 Polybrominated Diphenylethers (PBDEs) 357 Spatial Distributions: Σ11BDE concentrations in air were more than three 358 orders of magnitude lower than PAHs across Lake Superior ( Figure 4A , Table SI 19) . 359 BDE-47 was generally the most abundant congener present (approximately 20 to 60% 360 in air and 40-75% in water samples) throughout the sampling period, followed by 361 BDE-28, 49, 99, and 100. BDE-153 concentrations were low or below detection at all 362 most sites and BDE-154 was not detected in any samples. Changes in atmospheric and 363 aqueous PBDE concentrations between deployments at a given site were smaller than 364 variations among sites. In other words, the proximity to emission sources was more 365 important than geochemical variations (currents, winds, temperature). 366
Atmospheric PBDE concentrations were greatest at Marquette (June-October 367 average 15 pg m -3 ) ( Table 2 ). This station is located at a dock for a coal-fired power 368 plant and in proximity to a number of sites registered with the EPA Toxic Release (Table SI 21 ). Where present, 8, 15, 413 and 30 were deposited, possibly from photodegradation. 52 Eagle Harbor and open 414 lake site ratios suggested mainly net volatilization for tetra and penta BDEs, as well as 415 BDE-28. By and large, BDE-47 underwent net deposition during the first two 416 deployments. Exceptions were the open lake sites where BDE-47 volatilized, and 417 some coastal sites during PBDEs were deposited into Lake Superior at half of the coastal sites as 419 indicated by significant air-to-water ratios. The greatest net gas-phase deposition 420 fluxes during June-August were at Sault Ste. Marie (-2,700 pg m -2 d -1 ), Duluth (-770 421 pg m -2 d -1 ), and Ontonagon (-140 pg m -2 d -1 ) ( Figure 3B , Table SI 22 pathway to open-lake sites. 45 Physico-chemical properties indicate that lighter (less 436 brominated) congeners will travel farther from PBDE sources. 18 Tri-, tetra-, and 437 pentaBDEs were most commonly detected at Lake Superior sites, whereas lighter and 438 heavier congeners were typically below detection. These congeners would typically 439 stem from the penta-BDE commercial mixture. We cannot exclude that this is a 440 -2, 8, 15, 28, 30, 47, 49, 99, 100, 153 , 154 bd = below detection limit of GC/MS N/A = not available due to lost polyethylene samplers
